Etoposide and other topoisomerase II-targeted drugs are important anticancer therapeutics. Unfortunately, the safe usage of these agents is limited by their indiscriminate induction of topoisomerase II-mediated DNA cleavage throughout the genome and by a lack of specificity toward cancer cells. Therefore, as a first step toward constraining the distribution of etoposide-induced DNA cleavage sites and developing sequence-specific topoisomerase II-targeted anticancer agents, we covalently coupled the core of etoposide to oligonucleotides centered on a topoisomerase II cleavage site in the PML gene. The initial sequence used for this 'oligonucleotide-linked topoisomerase inhibitor' (OTI) was identified as part of the translocation breakpoint of a patient with acute promyelocytic leukemia (APL). Subsequent OTI sequences were derived from the observed APL breakpoint between PML and RARA. Results indicate that OTIs can be used to direct the sites of etoposideinduced DNA cleavage mediated by topoisomerase II␣ and topoisomerase II␤. OTIs increased levels of enzyme-mediated cleavage by inhibiting DNA ligation, and cleavage complexes induced by OTIs were as stable as those induced by free etoposide. Finally, OTIs directed against the PML-RARA breakpoint displayed cleavage specificity for oligonucleotides with the translocation sequence over those with sequences matching either parental gene. These studies demonstrate the feasibility of using oligonucleotides to direct topoisomerase II-mediated DNA cleavage to specific sites in the genome.
INTRODUCTION
Type II topoisomerases are ubiquitous enzymes that regulate DNA topology by creating transient double-stranded breaks in the DNA (1) (2) (3) (4) (5) (6) . As a result of their activity, they can alleviate torsional stress generated by the movement of DNA replication forks and transcription complexes, and can resolve DNA knots and tangles generated during recombination and replication (1) (2) (3) (4) (5) (6) . When type II topoisomerases cleave the DNA, they create a four-base stagger with a 5 overhang. In order to maintain genomic integrity during this process, active site tyrosine residues covalently attach to the newly generated 5 -termini; these covalent enzyme-cleaved DNA complexes are referred to as cleavage complexes (1) (2) (3) (4) (5) (6) . It is notable that the two cleavage steps do not occur simultaneously (7) (8) (9) , and that the anticancer drug etoposide is capable of stabilizing both single and double-stranded cleavage complexes ( Figure 1 ) (8) .
Human cells express two closely related type II enzymes, topoisomerase II␣ and II␤. Topoisomerase II␣ is upregulated in proliferating cells and plays essential roles in DNA replication and chromosome segregation (2, 3, 6) . A recent study also presents strong evidence that this isoform plays important roles in transcription (10) . Topoisomerase II␤ concentration is high in all cells irrespective of proliferative status, and the enzyme has demonstrated roles in transcription (11, 12) . Although it is not essential at the cellular level, topoisomerase II␤ is critical for the proper development of the nervous system (13, 14) .
Beyond their cellular functions, type II topoisomerases are also the targets for some of the most widely prescribed anticancer drugs in the world (2, (15) (16) (17) . Drugs such as etoposide, doxorubicin, and mitoxantrone are used routinely to treat breast cancer, germline cancers, leukemias, lymphomas, and a variety of solid tumors (17) . These drugs stabilize the cleavage complex by intercalating into the cleaved DNA scissile bonds, thereby blocking ligation of the DNA (7, 18) . When DNA replication forks or other tracking systems encounter these drug-stabilized enzyme-DNA complexes, they convert the transient DNA breaks into chromosomal damage that requires DNA repair pathways to restore the double helix (2, (15) (16) (17) . Due to their mechanism of action, these drugs are referred to as topoisomerase II poisons.
Despite the fact that all human cells express one or both topoisomerase II isoforms, topoisomerase II-targeting drugs are efficacious against cancer cells primarily for three reasons. First, because cancer cells are generally highly proliferative, they express high levels of topoisomerase II␣ (3, 17, 19) , leading to the creation of more drug-stabilized cleavage complexes. Second, because of the high metabolic rate of cancer cells, replication forks and transcription complexes constantly move along the DNA, making it more likely that they will convert cleavage complexes to permanent DNA breaks (20) . Third, due to impaired cell cycle checkpoints and DNA damage repair pathways in many cancers, malignant cells often are more susceptible to the DNA damage caused by topoisomerase II-targeted drugs (17, 21) .
Treatment with topoisomerase II poisons, however, is accompanied by a variety of mechanism-induced (i.e., topoisomerase II-generated) toxicities. These arise because of the difficulty of targeting drugs such as etoposide specifically to cancer cells (2, 15, 17, 22) and because all cell types express one or both topoisomerase II isoforms (4, 6) . Furthermore, approximately 2-3% of patients treated with regimens that include topoisomerase II-targeted drugs, such as etoposide, mitoxantrone, and doxorubicin, go on to develop secondary leukemias. Primarily, these malignancies are acute myelogenous leukemias (AMLs) associated with rearrangements in the mixed lineage leukemia (MLL) gene at chromosomal band 11q23, and acute promyelocytic leukemias (APLs) associated with rearrangements between the promyelocytic leukemia (PML) gene and the retinoic acid receptor ␣ (RARA) gene [t(15;17)(q22;q12)] (17, 23, 24) . Although the specific mechanism by which drug-induced topoisomerase II-mediated DNA cleavage triggers the leukemic translocation is controversial, considerable circumstantial evidence suggests that sites cleaved by the enzyme go on to generate the translocation breakpoint (10, 17, (23) (24) (25) (26) .
A number of cancers are associated with the presence of a driver oncogene that is generated by a mutation or translocation in the DNA (27) (28) (29) . The ability to rapidly sequence patients' DNA affords a potential opportunity to develop new generations of topoisomerase II poisons that specifically target the driver mutations in cancer cells of affected individuals. This could introduce DNA strand breaks specifically in the oncogene or could generate cleavage complexes that act as roadblocks for transcription. In either case, disruption of the driver oncogene or interference with its transcription could potentially kill malignant cells that are dependent on the resulting oncoprotein. Consequently, this strategy could result in treatments that are cytotoxic toward cancer but display limited action against normal cells.
As a first step toward developing sequence-specific topoisomerase II poisons with potential for use as anticancer agents, we covalently coupled the active core of etoposide to oligonucleotides centered on a topoisomerase II cleavage site in the PML gene. The initial sequence used for this OTI was identified as part of the translocation breakpoint of a patient with APL who had been treated with mitoxantrone for progressive multiple sclerosis (30) . Subsequent OTI sequences were derived from the observed APL breakpoint between PML and RARA. Results indicate that OTIs can be used to direct the sites of etoposideinduced DNA cleavage mediated by topoisomerase II␣ and topoisomerase II␤. Furthermore, OTIs directed against the PML-RARA breakpoint displayed cleavage specificity for oligonucleotides with the translocation sequence over those with sequences matching either parental gene. These studies demonstrate the feasibility of using oligonucleotides to direct topoisomerase II-mediated DNA cleavage to specific sites in the genome.
MATERIALS AND METHODS

Molecular modeling
To guide the placement and length of the chemical linker that joined the active demethylepipodophyllotoxin (DEPT) core of etoposide to the modified base in the oligonucleotides, structures of OTI complexes were modeled using Coot (31) Figure S1) . The positions of the etoposide molecules in the DNA complexes with human and bacterial enzymes are essentially the same (Supplementary Figure S1) .
With two etoposide molecules bound (one at each scissile bond), the DNA gate seems to be wedged open with a relatively small area buried between the two protein subunits at the DNA gate (18, 34) (Supplementary Figure S2) . However, a much larger area is buried between the two subunits at the DNA gate (Supplementary Figure S2) in the S. aureus DNA gyrase with one etoposide bound, and the common CRsym conformation is observed (34) . Given that this conformation has also been observed with eukaryotic type IIA topoisomerases (34, 35) , the subunits in our modeled topoisomerase II␤ complex with one etoposide were modeled in a CRsym conformation (Figure 1 ; notice movement of catalytic tyrosines between complex with one and two etoposides relative to movement of the two subunits).
The alkyne moiety of the linker on the C5 position of the modified base projects ∼2.6Å further than the methyl on the C5 position of a thymine or a methylated cytosine (Supplementary Figure S2A ). In modeling studies, the modified base was covalently attached to DEPT with a linker (Figures 1E , F and 2), and was modeled at four positions adjacent to the cleavage site on each strand (Supplementary Figure S3) : −2, −1, +1 and +2 on the cleaved strand, and +3*, +4*, +5* and +6* on the non-cleaved (or OTI strand. The rod-like alkyne moiety was observed to clash with protein residues when positioned on the cleaved strand at the −2, −1, +1 or +2 positions. However, modeling the rodlike alkyne moiety on the uncleaved strand at the +3*, +4*, +5* or +6* position did not result in any clashes (Supplementary Figure S3 ). These models indicate that cleavage is most likely to occur on the target strand rather than the OTI strand itself. Two different lengths of linkers were modeled, but a much longer linker ( Figure 1E , F) was needed to en- (7) is shown as an example. DEPT (1) was protected with carboxybenzyl (Cbz) at the 4 -OH using benzyl chloroformate and triethylamine in dichloromethane to yield 2. The 4-OH of 2 was reacted with monotosylated diethylene glycol using boron trifluoride etherate in dichloromethane at -20 • C to generate 3a-b as a mixture of two epimers. Removal of the Cbz protecting group under hydrogenation reaction conditions with Pd/C in ethanol resulted in 4a-b. The tosyl group was displaced with sodium azide in dimethyl formamide at 60 • C to generate 5a-b as a mixture of two epimers. The desired azide coupling partner 5a was purified as a single epimer by chiral chromatography. Copper-catalyzed click chemistry was used to couple 5a to oligonucleotide 6 (which included an alkyne-modified cytosine at position 28) to yield OTI28 (7) . able the linked etoposide core to reach back to the binding site in the DNA from the +3*, +4*, +5* or +6* positions.
Chemistry
A scheme for the synthesis of OTIs linked to the etoposide core is shown in Figure 2 . On the basis of the molecular modeling results, an 8-carbon linker was utilized, which consisted of a terminal alkyne moiety attached to the C5 position of a cytosine or thymine residue to attach an azidemodified 4 -DEPT (1) via copper-catalyzed click chemistry.
Synthesis of the activated etoposide core, shown in the top portion of Figure 2 , started with commercially available DEPT (1) (ABCAM Biochemicals). Compound 1 subsequently was protected with carboxybenzyl (Cbz) at the 4 -OH using benzyl chloroformate and triethylamine in dichloromethane (20) . The desired product 2 was obtained in 91% isolated yield. The 4-OH of 2 was reacted with monotosylated diethylene glycol (21) using boron trifluoride etherate in dichloromethane at −20
• C to generate 3a-b in 72% yield as a mixture of two epimers. Removal of the Cbz protecting group under hydrogenation reaction conditions with Pd/C in ethyl acetate resulted in 4a-b in 94% yield. The tosyl group was displaced with sodium azide in dimethyl formamide at 60
• C and generated 5a-b in 67% yield as a mixture of two epimers. The desired azide coupling partner 5a was purified as a single epimer by chiral chromatography.
The synthesis of OTIs, exemplified by 7, is shown in the bottom portion of Figure 2 . Oligonucleotide 6, which included an alkyne-modified cytosine (purchased from Jena Biosciences) at position 28, was synthesized by well-established solid phase methods. Copper-catalyzed click chemistry was employed to synthesize OTI28 (7) using a preformed complex of copper bromide and Tris(benzyltriazolylmethyl)amine (TBTA) in a mixture of dimethyl sulfoxide (DMSO), tert-butanol and water. A final isolated yield of 46% was obtained after HPLC purification. Subsequent OTIs were synthesized in a similar manner with an alkyne-modified thymine (Integrated DNA Technologies) at positions 23, 29 or 33 as the point of attachment for the linked DEPT, yielding OTI23, OTI29, and OTI33, respectively. Three additional OTIs of different lengths, a 50-mer, 30-mer and 20-mer, were directed against a patientderived PML-RARA breakpoint sequence (see below). The linked etoposide core in the 50-mer was positioned at the same site as OTI29.
Data confirming the structure and purity of all OTIs and intermediate small molecules can be found in the Appendix. Purity ranged from 90% to 99.9%.
Enzymes and materials
Recombinant wild-type human topoisomerase II␣ and topoisomerase II␤ and wild-type yeast topoisomerase II and the etoposide-resistant H1011Y mutant yeast type II enzyme were expressed in Saccharomyces cerevisiae JEL-1 top1 and purified as described previously (36) (37) (38) (39) . The drug resistance mutation was originally published as H1012Y (38) . The numbering of the mutation was changed to H1011Y in 2001 (40) to accommodate a reported error in the original amino acid sequence of S. cerevisiae topoisomerase II (41) . Human enzymes were stored at −80
• C as 1.5 mg/ml stocks in 50 mM Tris-HCl, pH 7.9, 0.1 mM EDTA, 750 mM KCl, and 40% glycerol, and yeast enzymes were stored as 2 mg/ml stocks in a similar buffer. Analytical grade etoposide was purchased from Sigma-Aldrich and stored at room temperature as a 40 mM stock solution in 100% DMSO.
Oligonucleotides and OTIs
Three DNA sequences were used to create a series of oligonucleotide duplexes. The first sequence was a 50-mer that encompassed bases 1461-1510 of intron 6 of PML, and contained a previously identified, 8-base topoisomerase II cleavage hotspot (bases 1482-1489) associated with the generation of therapy-related APLs (t-APL) (42) . The hotspot contains a strong topoisomerase II-mediated cleavage site that corresponds to position 24-25 on the top (or target) strand of the oligonucleotide and to 26-27 on the bottom strand (either an unmodified oligonucleotide or an OTI). Top strand: 5 -CTTTGTTCCTCATTCTGAC TGAGCCCTAGCCTTGGTCACACACTGAGCAG-3 . Bottom strand: 5 -CTGCTCAGTGTGTGACCAAGG CTAGGGCTCAGTCAGAATGAGGAACAAAG-3 . OTI28, OTI29, OTI33, and OTI23 had the same sequence as the PML 50-mer bottom strand, except that the active core of etoposide (DEPT) was linked at positions 28, 29, 33 and 23, respectively. A 50-mer bottom strand that contained the linker with no attached drug (LIN28) or a tetrahydrofuran (Eurofins MWG Operon) abasic site analog (AP28) at position 28 also were synthesized.
The second sequence was a 50-mer that spanned a previously identified translocation between PML and RARA in a patient with t-APL (30). Top strand: 5 -CTTTGTTCCTCATTCTGACTGAGCCCTA/GT CTGCCATCCTAACCTTCCAT-3 , made up of bases 1461-1488 of intron 6 of PML (before the slash) and bases 12039-12060 of intron 2 of RARA (after the slash) The bottom strand was fully complementary. Bottom strand: 5 -ATGGAAGGTTAGGATGGCAGAC\TAGGGCTC AGTCAGAATGAGGAACAAAG-3 . Sequences from RARA are located to the left of the backslash and sequences from PML are located to the right of the backslash. A 50-mer OTI with the bottom strand sequence was synthesized and contained a linked DEPT at position 29. Two additional OTIs based on the same sequence, a 30-mer (5 -TAA GACTGACTCGGGATCAGACGGTAGGAT-3 ) and a 20-mer (5-CTGACTCGGGATCAGACGGT-3 ), were synthesized. These sequences contained 10 or 15 fewer bases from each of the 5 -and 3 -termini of the 50-mer, respectively.
The third sequence was a 50-mer that corresponded to the parental RARA sequence that spanned a patient-derived translocation (at 12038-12039, corresponding to 28-29 on the oligonucleotide) and that included bases 12011-12060 of intron 2. Top strand: 5 -CAGAAAGGGGCAACTTCATCAGACACCCG TCTGCCATCCTAACCTTCCAT-3 . All the non-OTI oligonucleotides were synthesized by Sigma-Aldrich unless specified.
DNA cleavage
DNA cleavage reactions were carried out by a modification of the procedure of Deweese et al. (43) . The top (target) strand of each double-stranded oligonucleotide was labeled on its 5 -terminus in 30 l reactions containing 200 pmol of oligonucleotide, 1 l of T4 polynucleotide kinase (PNK) (New England BioLabs), 3 l of T4 PNK buffer as supplied by the manufacturer, and 2 l of [␥ -32 P]ATP (∼5000 Ci/mmol, Perkin Elmer). Reactions were incubated at 37
• C for 60 min, with an additional 1 l of T4 PNK added after the first 30 min. Radiolabeled oligonucleotides were purified with Qiagen Mini Quick Spin columns according to the manufacturer's instructions. Top/target and bottom/OTI oligonucleotides were annealed by incubating them at a 1:1 ratio (0.5 pmol/l) at 70
• C for 10 min, followed by a gradual cool down to room temperature.
DNA cleavage reaction mixtures contained 2 pmol of double-stranded oligonucleotides and 440 nM human topoisomerase II␣, 415 nM human topoisomerase II␤, 600 nM wild-type yeast topoisomerase II, or 1340 nM H1011Y mutant yeast topoisomerase II in a final volume of 20 l of human [10 mM Tris-HCl pH 7.9, 5 mM MgCl 2 , 100 mM KCl, 0.1 mM EDTA and 2.5% (v/v) glycerol] or yeast [50 mM Tris-HCl pH 7.9, 25 mM MgCl 2 , 500 mM NaCl, 0.5 mM NaEDTA, pH 8.0, 12.5% (v/v) glycerol] cleavage buffer. (Levels of yeast enzymes in DNA cleavage assays were adjusted to yield similar levels of background DNA cleavage.) Reactions were initiated by the addition of enzyme. Samples were incubated at 37
• C for 10 min (topoisomerase II␣ or yeast topoisomerase II) or 1 min (topoisomerase II␤), and reactions were stopped by the addition of 2 l of 10% sodium dodecyl sulfate (SDS) and 2 Error bars represent the standard error of the mean of an average of two to five independent experiments. Significance was determined by paired t-tests. P-values are indicated by asterisks (*P < 0.05; **P < 0.005; ***P < 0.0005).
l of 250 mM disodium ethylenediaminetetraacetic acid (Na 2 EDTA). Samples were incubated with proteinase K (2 l of 0.8 mg/ml) for 30 min at 37
• C to digest the type II enzyme. DNA cleavage products were precipitated with ethanol, mixed with 5 l of 80% (v/v) formamide, 10% TBE (100 mM Tris-borate and 2 mM EDTA), and 10% agarose loading dye [60% sucrose (w/v), 10 mM Tris-HCl, 0.5% bromophenol blue, 0.5% xylene cyanol] and heated to 75
• C for 2 min. DNA samples were resolved on 14% denaturing polyacrylamide gels and were visualized and quantified using a Bio-Rad Molecular Imager. All double-stranded oligonucleotides contained unmodified (non-OTI) top/target strands that were radiolabeled at the 5 end. Bottom strands were either unmodified (non-OTI) or contained linked etoposide core (OTI), linker alone, or a tetrahydrofuran (abasic site analog). In some cases, unmodified double-stranded oligonucleotides were treated with 0-500 M etoposide.
DNA ligation
DNA ligation assays were carried out with topoisomerase II␣ by a modification of the procedure of Byl et al. (44) . DNA cleavage/ligation equilibria were established as in the previous section. Reactions contained either an unmodified double-stranded oligonucleotide in the presence of 500 M etoposide or an unmodified top (i.e. target) strand hybridized to an OTI28 bottom strand. Ligation was initiated by placing the reaction mixtures on ice. The temperature shift allows ligation but prevents the formation of new cleavage complexes (45) . Ligation reactions were stopped by the addition of 2 l of 10% SDS followed by 2 l of 250 mM Na 2 EDTA. Samples were processed and analyzed as described above. The percent DNA cleavage at time zero was set to 100%, and the rate of ligation was determined by quantifying the loss of cleaved DNA over time.
Persistence of cleavage complexes
DNA cleavage/ligation equilibria were established using topoisomerase II␣ as described above. Persistence reactions were carried out by a modification of the procedure of Bandele and Osheroff (46) . Reactions contained either an unmodified double-stranded oligonucleotide in the presence of 500 M etoposide or an unmodified top strand hybridized to an OTI28 bottom strand. Assay mixtures were diluted 20-fold with cleavage buffer and incubated at 37
• C for up to 120 min. Reactions were stopped as above, and samples were processed and analyzed as described above. The percent DNA cleavage at time zero was set to 100%, and the stability of the cleavage complexes was determined by quantifying the loss of cleaved DNA over time.
RESULTS
Structure-based design of OTIs that contain the core of etoposide
When cells are treated with etoposide, the drug induces topoisomerase II-mediated DNA cleavage at millions of sites throughout the human genome (10) . Therefore, in an effort to design an etoposide-based compound with specificity for cancer-associated DNA sequences, we covalently attached the active core of etoposide (DEPT) to a series of oligonucleotides (Figures 1 and 2) . DEPT lacks the C4 sugar moiety of etoposide but retains a C4 hydroxyl group that can be activated for coupling reactions. As determined by saturation transfer difference nuclear magnetic resonance spectroscopy, the sugar moiety does not interact with topoisomerase II (47, 48) . Furthermore, its removal has a negligible effect on the activity of the drug toward the type II enzyme (47, 48) . For the purposes of the paper, the linked DEPT will be referred to as the etoposide core.
OTIs were designed to generate single-stranded, topoisomerase II-mediated cleavage on the strand opposite the etoposide core attachment site (Figure 1) (8) . To this end, crystal structures of human topoisomerase II␤ (18) and II␣ (33) with two etoposide molecules and the bacterial Staphylococcus aureus DNA gyrase with one or two etoposide molecules (34) served as the basis for modeling studies (Supplementary Figure S1 ). As a result of these studies, a linker consisting of a terminal alkyne moiety was attached to the C5 position of a cytosine or thymine residue and was coupled to a 4-azide-modified DEPT via copper-catalyzed click chemistry (Figure 2) . The modeling studies indicated that the linked DEPT was capable of intercalating into a cleaved site on the opposite strand (shown for OTI28 in Figures 1  and 4 and Supplementary Figures S3 and S4 ).
An OTI directed against the PML gene enhances DNA cleavage mediated by human type II topoisomerases As a proof of concept that a covalently attached etoposide core can function as a sequence-specific topoisomerase II poison, we designed an initial OTI (OTI28) that utilized a DNA sequence spanning a strong drug-induced topoisomerase II cleavage hotspot within intron 6 of the PML gene (bases 1482-1489) (42) . This cleavage hotspot is also present in the t(15;17) translocation of a patient with APL who had been treated with mitoxantrone (30) . The interaction of an OTI that spanned the APL breakpoint sequence with topoisomerase II will be discussed in a later section.
The sequence of the central 30 nucleotides of the 50-base pair-oligonucleotide used for the initial experiments (bases 1461-1510) is shown in Figure 3A . When the unmodified oligonucleotide duplex (radiolabeled on its top/target strand) was treated with free etoposide in the presence of topoisomerase II␣, several strong DNA cleavage sites were observed (Figure 3) . The cleavage site between bases 24-25 (1484-1485) is also a strong site for mitoxantrone and is believed to be the hotspot that results in ∼50% of the t(15;17) translocations observed in patients with therapy-related APLs following treatment with mitoxantrone (17, 24, 30, 42, 49) .
To examine the effects of a linked drug on topoisomerase II-mediated DNA cleavage of this sequence, the active core of etoposide was covalently attached to cytosine 28 on the bottom strand ( Figure 3A ) through a flexible linker as described above. On the basis of modeling studies, the tethered drug moiety should be able to intercalate into the scissile bond between bases 24-25, stabilizing cleavage at that site (Figures 1 and 4A) . As seen in Figure 3 , this was the case when the unmodified bottom strand was replaced with the drug-linked oligonucleotide (OTI28, bottom strand). Topoisomerase II␣ cleaved at this position (between bases 24-25 on the top strand) at levels that were even higher than those observed in the unmodified duplex in the presence of 500 M free etoposide. High enzyme-mediated cleavage was also observed one base away (between bases 23 and 24 on the top strand), although at slightly lower levels than at site 24-25. Drug insertion at this position is also supported by modeling studies ( Figure 4B ).
Four additional points should be noted regarding the data shown for topoisomerase II␣ (Figure 3B , C; left): first, no DNA cleavage was observed in the absence of topoisomerase II␣ (lane 1), indicating that the tethered etoposide core does not induce cleavage via a spontaneous chemical reaction. Second, OTI28 did not induce topoisomerase II␣-mediated cleavage at any of the other strong cleavage sites induced by free etoposide (compare lanes 8 and 5). This finding suggests that the specificity of the etoposide core can be constrained by its covalent attachment to an oligonucleotide. Third, some minor sites of topoisomerase II␣-mediated DNA cleavage with OTI28 were not predicted by our modeling studies (Figures 1 and 4) . These sites were not related to the conditions utilized to anneal the OTIs to their complementary strand. Similar DNA cleavage patterns were observed when annealing temperatures were varied by 30
• C and cooling rates differed over an 8-fold range (Supplementary Figure S5) . These findings suggest that the presence of the drug may subtly alter the structure of the duplex that affects its interaction with topoisomerase II␣. Lastly, no enzyme-mediated DNA cleavage was observed when the bottom strand was replaced with an oligonucleotide that contained the linker alone (i.e. a linker with no attached drug moiety; lane 11). This provides strong evidence that it is the presence of the etoposide core rather than the linker alone on the oligonucleotide that enhances topoisomerase II␣-mediated DNA cleavage.
Results similar to those with topoisomerase II␣ also were observed with topoisomerase II␤ (Figure 3B, C; right) . The same two strong sites of enzyme-mediated DNA cleavage were observed in a duplex containing OTI28. Once again, scission at both cleavage sites (24-25, 23-24) was higher than that seen in the unmodified duplex in the presence of 500 M free etoposide (compare lanes 8 and 5). However, cleavage at 23-24 was similar to that seen at 24-25. Finally, as seen with the ␣ isoform, topoisomerase II␤ did not cleave a duplex with a bottom strand that contained a linker but no tethered etoposide core at position 28 (lane 11).
To further characterize the mechanism of enzymemediated DNA cleavage induced by the OTI, the effects of the tethered etoposide core on rates of DNA ligation mediated by topoisomerase II␣ were compared to those of free etoposide on an unmodified duplex oligonucleotide. Similar inhibition of religation was observed for both the tethered and the untethered drug ( Figure 5A ). Thus, like free etoposide, the OTI increases levels of cleavage complexes by inhibiting ligation of the cut DNA.
In addition, cleavage complexes formed with OTI28 versus free etoposide persisted for similar lengths of time (Figure 5B ) following 20-fold dilution of the reaction mixtures. Therefore, the OTI appears to stabilize cleavage complexes to a comparable extent as the free etoposide. These findings further suggest that the effects of tethered etoposide core within the cleavage complex produce similar effects to the free drug.
DNA lesions have the capacity to act as topoisomerase II poisons. Abasic sites are among the most effective DNA lesions at inducing topoisomerase II-mediated DNA cleavage (39, 50, 51) . Thus, to provide further evidence that the effects of OTI28 were mediated by the tethered drug moiety as opposed to a distortion in the double helix, we synthesized an oligonucleotide that replaced the cytosine-linker-etoposide core construct at position 28 with a tetrahydrofuran abasic site analog (AP28). DNA cleavage results are shown in Figure 6 . The abasic site induced lower levels of cleavage than OTI28, with the major site of DNA cleavage (position [19] [20] being five bases away from that of OTI28 (24-25) (compare lanes 7 to 5). The differences in the cleavage patterns obtained with AP28 and OTI28 provide additional strong evidence that DNA cleavage induced by OTI28 is due to the actions of the tethered etoposide core by type II topoisomerases and not to a distortion or lesion in the helix at the site of drug attachment.
Finally, the ability of OTI28 to induce DNA cleavage mediated by an etoposide-resistant type II topoisomerase was assessed. The yeast topoisomerase II H1011Y mutant (52) was used for these experiments for two reasons. First, target-based resistance to topoisomerase II-targeted drugs is generally associated with the loss of one enzyme allele or the deletion of nuclear localization signals (53, 54) . Consequently, point mutations that impart etoposide resistance to human type II topoisomerases have not been well described or characterized. Second, yeast topoisomerase II is highly sensitive to etoposide, and the H1011Y mutant is the only type II enzyme that has been shown to be etoposide resistant due to a reduced affinity for the drug (55) .
As seen in Figure 7 , yeast topoisomerase II H1011Y is ∼4-fold resistant to the tethered etoposide core in OTI28 as compared to the wild-type enzyme. This result is consistent with the resistance of the mutant enzyme to free etoposide (52) .
Taken together, the above experiments provide strong evidence that the DNA cleavage induced by OTI28 is due to the presence of the tethered etoposide core.
OTIs enhance topoisomerase II-mediated DNA cleavage in a sequence-dependent manner As described above, the major site of topoisomerase IImediated DNA cleavage on the top/target strand induced by OTI28 was located at a position two bases away and opposite the tethered etoposide core (site [24] [25] . To determine whether OTIs generate a predictable pattern of cleavage, we shifted the location of the tethered etoposide core to three additional locations along the sequence of the bottom oligonucleotide: positions 29 (OTI29), 33 (OTI33) and 23 (OTI23) ( Figure 8A ). These locations were chosen to see if it was possible to move the major site of DNA cleavage to the second-strongest site of scission induced by OTI28 (site [23] [24] , to the site of secondary DNA cleavage induced when free etoposide was added to an unmodified duplex (site [19] [20] , and to a site that was not cleaved in the presence of free etoposide (site [29] [30] , respectively.
In all three cases, strong topoisomerase II␣-mediated DNA cleavage induced by the new OTIs was observed two bases away opposite the drug location at the predicted sites DNA cleavage is normalized to background levels of DNA when no enzyme is present (graph: -enz, blue; inset: -WT, -H1011Y). Error bars represent the standard deviation of three independent experiments. Significance was determined by a paired t-test. P-values are indicated by asterisks (***P < 0.0005).
described above (Figure 8B ; left). As with OTI28, some of the new OTIs also induced DNA scission at sites that were not predicted by our modeling studies (Figures 1 and 4) . However, these sites were all in the vicinity of the predicted sites of cleavage. Similar sites of DNA cleavage were obtained with these OTIs and topoisomerase II␤ (Figure 8B ; right).
Two important conclusions can be drawn from these studies. First, OTIs can be used to induce DNA cleavage, at least in part, in a predictable manner. Second, sites of cleavage can be moved to sequences not normally associated with the actions of free etoposide ( Figures 3A and 8A, B) . Thus, the use of OTIs is not restricted to pre-existing etoposideinduced sites of cleavage, implying that it may be possible to design OTIs against almost any patient sequence associated with a cancer mutation or chromosomal breakpoint.
OTIs can be directed against a t(15;17) translocation breakpoint seen in a patient with APL
One of the goals in characterizing OTIs is to determine if it would be possible to target them to cancer-specific sequences present in malignant cells. Therefore, having established the proof of principle that OTIs can be used to direct the location of etoposide-induced topoisomerase IImediated DNA cleavage, we designed an OTI against a Figure 9A ) (30) . This sequence was chosen because it encompasses the site of cleavage in the PML gene induced by OTI28 (Figure 3 ). Initial studies with the translocation sequence utilized a 50-base pair oligonucleotide that was comprised of bases 1461-1488 of intron 6 of PML ( Figure  9A ; blue) and 12039-12060 of intron 2 of RARA ( Figure  9A ; orange). Second, the unmodified target strand was hybridized with a complementary 50-base OTI in which the tethered etoposide core was located at the equivalent position in the PML gene as OTI29 ( Figure 9A ). As predicted, this OTI induced Human type II topoisomerases display a DNA lengthdependence for scission. The enzyme cleaves a 50-mer duplex oligonucleotide considerably better than it does a 40-mer, and little cleavage is seen with oligonucleotides shorter than a 30-mer (43) . However, when one of the two strands is maintained at a 50-base length, levels of enzyme-mediated DNA cleavage remain relatively high until the length of the complementary strand is reduced to ∼20 bases (43) . Therefore, to see if shorter OTIs could still be used to induce high levels of topoisomerase II␣-mediated DNA cleavage in the translocation sequence, we tested a 30-mer version of the breakpoint OTI in which 10 bases were removed from each terminus ( Figure 9A ). High levels of cleavage were maintained at sites 23-24 and 19-20; however, cleavage disappeared from site 24-25 (Figure 9B, C; lane 12) . As predicted, when the breakpoint OTI was further reduced in size to a 20-mer version, DNA cleavage levels dropped precipitously (Figure 9B, C; lane 14) .
In all respects, results obtained with topoisomerase II␤ and the chromosomal translocation model oligonucleotides (with either a free or a tethered etoposide core) were similar to those obtained with topoisomerase II␣ (Figure 9B, C;  right) .
Finally, to determine whether the breakpoint OTIs displayed specificity for the translocation over the parental PML and RARA sequences, the 50-mer, 30-mer and 20-mer breakpoint OTIs were hybridized to 50-mer top strands of each parental gene. Very low levels of DNA cleavage were generated by either topoisomerase II␣ ( Figure 10A ) or topoisomerase II␤ ( Figure 10B ) in the PML oligonucleotide (lanes 8, 10 and 12) and no cleavage was observed in the RARA oligonucleotide with any of the breakpoint OTIs (lanes 18, 20, 22) . This finding suggests that OTIs could potentially be directed to cancer-specific breakpoints without generating significant levels of DNA cleavage in the wildtype parental sequences.
DISCUSSION
Etoposide and other topoisomerase II-targeted drugs are important therapeutics for the treatment of cancer (1, 2, 15, 17, 22, 56) . Unfortunately, the induction of topoisomerase II-mediated DNA cleavage throughout the genome, coupled with the lack of specificity toward cancer cells, limits the safe usage of these drugs. Among the most insidious of toxicities related with treatment with topoisomerase II poisons is the development of secondary leukemias (17, 23, 49, 57) . Indeed, as many as 3% of patients treated with etoposide or doxorubicin develop AMLs with translocations at chromosomal band 11q23 (58, 59) mitoxantrone develop APLs with t(15;17) translocations (42, 60) .
One approach to providing anticancer agents with reduced toxicities is to develop drugs that specifically inhibit the activity of driver oncoproteins. An example is imatinib, which targets the TK domain of the bcr-abl fusion tyrosine kinase that is generated by the chromosomal translocation in chronic myelogenous leukemia (61) . An alternative approach would be to target the chromosomal translocation itself by specifically cleaving the DNA in the vicinity of the translocation site. This could lead to disruption of the oncogene or could interfere with its transcription. If either occurred, it ultimately could rob the cell of the oncoprotein that drives malignant tumor growth.
Previous attempts to impart specificity to topoisomerasetargeted drugs were based on the attachment of either camptothecin (a topoisomerase I poison) (62) or etoposide derivatives (63) to the ends of triplex-forming oligonucleotides. The attached camptothecin induced topoisomerase I-mediated DNA scission at sites that were consistent with the location of the linked drug (62) . However, cleavage appeared to be constrained to pre-existing cleavage sites (62) . In contrast, the attachment of etoposide to the end of a triplex-forming oligonucleotide induced DNA cleavage at locations that were approximately 10 base pairs away from sites that could have come into physical contact with the drug based on the length of the drug and linkers employed (63) . Thus, the basis for etoposide-induced DNA cleavage that resulted from the triplex-forming oligonucleotides could not be determined (63) .
Although the present study also utilized drug-linked oligonucleotides to enhance the specificity of etoposideinduced DNA cleavage, we took the approach of designing sequences that would form duplex (rather than triplex) structures at the proposed sites of cleavage. To this end, a series of oligonucleotides that contained a linked etoposide core (OTIs) was synthesized using a copper-catalyzed click chemistry scheme. OTIs were designed to take advantage of the following: 1. Etoposide acts by a known mechanism in which it enhances DNA cleavage mediated by type II topoisomerases (2, 7, 22) . 2. The type II enzymes are validated targets for chemotherapeutic agents (2, 15, 16, 22) . 3. Levels of type II topoisomerases are generally higher in malignant cells, which generates higher levels of DNA strand breaks in treated cells (64, 65) . 4. Cancer cells often have high metabolic rates, which results in more replication and transcription complexes that convert topoisomerase II-DNA cleavage complexes into permanent double-strand breaks (2, 10, 15) .
Results indicate that the tethered etoposide core in OTIs acts against type II topoisomerases in a manner similar to that of the free drug, but with a specificity (at least for the major sites of cleavage) that is tied to its site of linkage on the oligonucleotide. Furthermore, the linked drug can induce enzyme-mediated DNA cleavage at sites of action of the free drug or at sites at which free drug does not act. This finding suggests that it might be possible to develop OTIs against a broad range of translocation-related sequences. Results further suggest that OTIs can be designed to have high activity against cancer-related breakpoints but display limited activity against the parental genes.
It is notable that in some cases minor cleavage was observed at positions that were not predicted from modeling studies ( Figures 1, 4 and Supplementary Figures S3 and S4) . Although the basis for cleavage at these minor sites is not obvious, it is possible that they are induced by distortions in the oligonucleotide caused by the presence of the OTI. Alternatively, an OTI attached to the transport helix could act in trans to induce cleavage within the gate helix ( Figure  1A ). However, this seems unlikely, as cleavage patterns for these minor sites do not coincide with those observed in the presence of free etoposide (compare Figures 3-8) .
In order for OTIs to function in cells and block the expression of driver oncogenes, they would have to hybridize to their target sequence. It is envisioned that this could potentially take place when the two strands of the double helix are separated during replication or transcription. In vitro experiments suggest that single-stranded oligonucleotides as short as 24-mers can invade the double helix and form a Dloop (66) . Alternatively, invasion can be greatly enhanced by the presence of recombination proteins (67, 68) . Experiments are currently underway to assess the ability of OTIs to invade the double helix under a variety of conditions.
The development of oligonucleotide-based therapeutics has been challenging (69) . However, improved chemistry and targeted delivery systems, together with the recent FDA approval of new RNA therapeutics (69) , hold promise for the potential development of oligonucleotide-based agents. Future studies will be directed toward determining the effects of the OTIs in normal and cancer cells.
